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-ABSTRACT 

Cavitation damage to specinens of s ta in less  

steel, carbon steel, aluminum, and Plexiglas,  placed 

i n  a cavitating venturi using water and mercury as 

test f l u i d s  is mostly i n  the form of irregularly 

shaped p i t s  which do not change w i t h  additional 

exposure to the cavi tae ing  f i e l d  within t h e  limited 

durations utilized. The raee of damage is very high 

i n i t i a l l y ,  decreases for a re la t ive ly  short period oi 

time, then increases again up to the  mpaximum test 

durations of 150 hours with water and 270 hours with 

mercury. 

Andependent techniques, w i n g  a variety of specimen 

naaterials, with two different f lu ids  under various 

f l u i d  dynamic conditions,  leads to a euggested 

correlating rodel i n  terms of the cavi tat ion bubble 

density andl energy andl specimen material s t rength ,  

Observation of! damage effects by several 
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I[ Introduct ion 

Damage t o  s t r u c t u r a l  materials by c a v i t a t i o n ,  perhaps 

assisted by s rd inary  erosion and cor ros ion ,  has long been a 

se r ious  problem to t h e  manufacturers and users of fluid-flow 

components. I t  has  o f t en  been possible i n  the  past to avoid 

t h e  problem to  stme ex ten t  either by s u f f i c i e n t l y  reducing t h e  

performance-ratings of components, or by increasing sys t em 

pressures .  In numerous present-day app l i ca t ions ,  such as 

those i n  t h e  aero-space f ie ld ,  such comproeaises may not be 

feasible, because of the  over-riding necessi ty  of minimizing 

sizes and weights of components. H e n c e ,  there is a s t rongly  

renewed i n t e r e s t  i n  understanding the  fundamentals of the  

ei ivi ta t fon damage process, so t ha t  meaningful predictions of 

damage t o  be anticipated with a var i e ty  of f l u i d s  and s t ruc -  

t u r a l  materials over a very large temperature,  pressure,  and 

ve loc i ty  range can be m a d e .  While much data on various 

instances of c a v i t a t i o n  damage are ava i l ab le  i n  t he  litera- 

t u r e *  it is necessary t h a t  f u r t h e r  s y s t e m a t i c  i nves t iga t ions  

be made under very carefu l ly  cont ro l led  and well known con- 

d i t i o n s ,  covering a broad range of f l u i d ,  material, and %Bow 

parameters. T h i s  paper discusses so838 of the r e s u l t s  frorm the 

i n i t i a l  phases oi such an invest igat ion.  

Because of t h e  collsiderable complexi t ies  of t h e  damage 

phenomenon, it i n  des i rab le  t h a t  t h e  test condi t ions  under 

which damage is obtained match as closely as possible t h e  

a c t u a l  operating conditions edl applicable f l u i d  cmponents ,, 

However, t h i s  ap!,roach, i f  carried t o  an extreme, does not 

represent  a p r a c t i c a l  ideal, because of t he  lack of generality 



e n t a i l e d ,  as w e l l  as the prohibi t ive budgetary requirem.a%s, 

As t he  best compromise so lu t ion  ava i l ab le ,  the i n s e r t i o n  0% 

damage specimens i n t o  a cavitating ven tu r i  tese s e c t i o n  w a s  

selected for the  present  invest igat ion.  It  was felt  t h a t  t h i s  

so lu t ion  combined the  close appl icabi l i ty  of flow-induced 

c a v i t a t i o n  i n  a flowing s y s t e m  with a highly-simplified flow 

pa t te rn .  In addi t ion ,  the equipment requirement i n  order t o  

operate  over  a considerable range of f l u i d ,  flow, and material 

parameters is r e l a t i v e l y  modest. 

I1 T e s t  Apparatus (1) 

The test f a c i l i t y  is a closed loop, powered by a centri- 

and d i f f u s e r ,  separated by a c y l i n d r i c a l  throat of 0.51 inches 

diameter and 2.35 inches length. The two damage specimens are 

inserted w i t h  t h e i r  midpoint 0.79 inches downstream of t h e  

t h roa t  exit .  They consist of planar sections, located parallel 

to  t h e  stream with  tapered leading and t r a i l i n g  edges (Fig, 3, 

4). They are 0,74 inches long by 8.06 inches w i d e ,  and are 

submerged t o  a dapth of about 0.20 inches Pato the  c a v i t a t i n g  

stream. They am located symmetrically about a v e r t i c a l  plane 

pash;ing through the ventur i  c e n t e r l i n e ,  so t h a t  they are each 

a t  t h e  same e leva t ion ,  w i t h  t h e i r  axes inc l ined  a t  45O t o  t h e  

v e r t i c a l .  

The f a c i l i t y  has been operated w i t h  both water and mercury, 

This paper is cosernod mainly w i t h  t h e  water tests, since t h e  

mercury data are not  y e t  f u l l y  evaluated,  Throat veI.cscities 
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1 - 0.740'' A 
0.74 5" 

F i g .  3 Damage t es t  s p e c i m e n .  

F i g .  4 Damage t e s t  spec imen.  The u p p e r  shadowed s u r f a c e  
is  t h e  p o l i s h e d  s u r f a c e .  
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betve.rtn EibQ'iir% 50 ana P O 0  f%/sact are available with nater, 

The c a v i t a t i o n  condi t ion c a n  be adjusted Between "visual  

i n i t i a t i o n "  and "second mark" (defined i n  Appendix) Water 

temperature can be varied between about SO0 F and 160' F, 

With aercury,  t h e  a t t a inab le  throat v e l o c i t i e s  range 

between about 20 and 50 ft/sec , over  t he  same range of cavi-  

t a t i o n  condi t ions.  

T e s t  materials so far have included carbon steel, auste-  

n i t i c  s t a i n l e s s  steel, aluminum, and Plex ig las ,  i n  water; a l l  

but  the las t  fa nercury.  fa  a l l  cases, the specimens are 

metallographically polished prior to  a test. 

Further details  of the f a c i l i t y  and its opera t ion  have 

been given previously,  (1, 2) 

Operating Procedure - 
To t h e  pzwsent, t he  maximum test dura t ion  is of t h e  order 

of 100 to  200 tnours. However, t h e  specimens are removed a t  

f requent  i n t e r v a l s  d u r i n g  t h i s  period for examination, These 

examinations alwnys include: 

i) Tabule?t:.on of p i t s  according to size and number 

ii) Weight rreasurement of specimen 

i i F )  Photaicrograghs of unusual p i t  formations. 

In same cases, the following items have also been included: 

i) P i t  t abu la t ion  according to type and location (11 

ii) Measurerrent of p i t  prof Ales using prec is ion  "profi- 
1 corder (I9 31 

.. 
"Linear Prof ic  o.rder" PPanufac tured by  Micrometric al Eanufac - I 

t u r i n g  Campany, 9nn Arbor Michigan 
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SgCtioning thrOUgh tp p i t  and QbSenVatiQa Of s ~ b - s ~ ~ ' f a c 2  

s t r u c t u r e  (1) ( th i s  d e s t r u c t i v e  examination prevents  

f u r t h e r  specimen use) 

I r r a d i a t i o n  of test specimens with  subsequent measure- 

ment of radioact ive contamination in water, and 

of c a v i t a t i o n  particle eize d i s t r i b u t i o n  using stacked, 

p rec i s ion  f i l t e r s  (1, 4) 

experimental observat ions,  to be discussed later, Eire 

brawn from a l l  of the  above sources 

111 Experimental Observations 

The experimental  observations of t h i s  i nves t iga t ion  are 

so far largely concerned w i t h  t h e  e a r l y  phases of c a v i t a t i o n  

damage, ice, : r e l a t i v e l y  small ind iv idua l  p i t s ,  p r imar i ly ,  

before gross damage ha6 occurredo 

understanding of the mechanisms producing gross damage must 

Since the  key t o  an eventual  

lis i n  an understanding of these  i n i t i a l  phases, and s i n c e  

previous precise observations of t h e  i n i t i a l  phases are not 

numerous, it is fe l t  t h a t  t h e  present  observat ions are of sub- 

s t a n t i a l  i n t e r e s t .  

.-- A Oarage as Fknction of Time 

In t h e  present  tests damage has been evaluated using t w o  

techniques : 

i) Irradiated teat specimen (4) 

ii) Calculat ion,  based on p i t  size and number t abu la t ion ,  

using a tppacasl p i t  profile (1) 

Direct measuremeat of weight loss i n  the water testa has not 

been feasible sicce the loss, as a proport ion of test specimen 
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weight, has been to9 srr:.P, Yagnificant,  direct weight loss 

measureaents havfa been achieved i n  the mercury tests where the  

weight losses a m  much greater, 

The absolu te  magnitudes of damage obtained from t h e  

irradiated specimen test (only one has so far  been conducted) 

and from t h e  p i t  volume calculatioxm do not  a t  present  agree, 

although the  shapes of the weight loss vs. t i m e  curves  are 

v i r t u a l l y  i d e n t i c a l  (Fig. 5 ) .  However, in t h e  irraddated 

specimen test, there ar0 various s i g n i f i c a n t  sources of emor 

which, it is koped, w i l l  be reduced by subsequent developmeot 

of t h e  procedure. Obviously, t h e r e  are also s u b s t a n t i a l  uncer- 

t a i n t i e s  in t h e  p i t  volume c a l c u l a t i o n  involving the  assumption 

of a t y p i c a l  p i t  shape, in the  ex t r apo la t ion  of p i t t i n g  den- 

sities f r o m  a r e l a t i v e l y  small monitored su r face  ts a larger 

. . w e b -  uuvuue~~.cIy -..ea surface, i n  the rc lz t ica  betzeer? pit vcl1rnto rsld 

material volume removed,2 e t c .  

poss ib l e  t o  ob ta in  a direct comparison between t h e  p i t  calcu- 

l a t i o n  r e s u l t s  aad t h e  r e s u l t s  of direct weight measurements 

i n  t h e  mercury tests, However, t h e s e  d a t a  are n o t  as y e t  

ava i l ab le ,  

In t h e  f u t u r e  it w i l l  be 

Even thcGgh t h e  absolute magnitudes of volume or weight  

losses are sub jec t  t o  uncer ta in ty ,  it is believed t h a t  the con- 

s i s t e n c y  between tests is good, so t h a t  meaningful comparisons 

between t h e  d i f f s r e n t  mater ia l s ,  f l u i d s ,  and test coriditions 

can  be drawn, This s t a t e m e n t  is based upon t h e  reasenably 

- 

'it has so f a r  bsen assumed tha t  these are equal ,  Hcweves, it 

is known t h a t  t h i s  fs not e x a c t l y  true %OA- any of the p i t  con- 

f i g u r a t i o n s  and is probably i n  gross error far ~;l?wsr Inratess), 

-8- 
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. 
smooth curves  obtained for vo lume  loss as 8 func t ion  0s %ism, 
as w e l l  as upon t h e  v i r t u a l l y  i d e n t i c a l  shape of t he  curves 

produced from t h e  irradiated specimen approach and t h e  p i t  

ca l cu la t ion :  t w o  very d i f f e r e n t  methods of observation. 

The damage has been presented i n  terms of volume removed 
per u n i t  area exposed, loco, specific volume loss (61  3 /an2 or 

simply c m ,  represent ing  a mean depth of pene t r a t ion  if the  - 
wear were uniform rather than i n  t h e  form of p i t s ) .  I t  is 

f e l t  t h a t  presenta t ion  i n  t h e s e  terms allows t h e  m o s t  meaniag- 

fuP comparison possible between d i f f e r e n t  materials and test  

arrangements. 

The specific observations are discuesed below. 

I," I n i t i a l  Rapid D a s g e  Bate 

Figures 5 and 6 show c a v i t a t i o n  damage w i t h  water as a 

func t ion  of t i m e  for "standard" c a v i t a t i o n  a t  65 ft,/aec, 

throat ve loc i ty ,  Damage for other c a v i t a t i o n  condi t ions  is 

also shown i n  Fig, 60 Although these curves are for somewhat 

similar condi t ions ,  their  shape is typica l  of a l l  t h e  curves 

for either water or mercury, I t  is noted t h a t  there is a very 

rapid i n i t i a l  rate of damage (more apparent i n  Fig,  5 where 

greater de t a i l  is shown), showing s u b s t a n t i a l  p i t t i n g  after no 

more than one hour of exposure (first examination), After the 

first one t o  t h s s e  hours,  t h e  damage rate decreases substan- 

t i a l l y ,  remaining: r e l a t i v e l y  low for a period (up t o  t h e  

order of 35 t o  100 hours,  depending upon c a v i t a t i o n  condi t ion ,  

material, etc. rig. 63, and then climbs at an  accsle;-ated 

rate,  a t  least $e the  maximum dura t ion  a t t a i n e d  for w ; t t e r  R s  

-10- 
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F i g .  6 Mean volume l o s s  p e r  u n i t  a r e a  o f  spec imen  exposed  

t o  f l u i d  f o r  p a i r s  of s t a i n l e s s  s t e e l  s p e c i m e n s  v s .  
tes t  d u r a t i o n ;  f o r  s e v e r a l  c a v i t a t i o n  c o n d i t i o n s  
w i t h  water .  



dote, i , e , ,  3.50 ~ ~ Q M F S ~  Pro~ever, a mercury damage curve (, Fig, 7 .  

for  a m a x i m u m  dura t ion  of 270 hours,  shows a subsequent l e v e l l -  

ing-off and then a second accelerated climb, 

I t  is f e l t  *hat the above r e s u l t s  are s i g n i f i c a n t  in three 

resgf6! t s  : 

i) The absence of any "incubation period" is noted for 

these tests. Since the  i n i t i a l  rapid damage rate does not 

r e s u l t  i n  a s i g n i f i c a n t  weight loss, it is fe l t  t h a t  t h i s  

i n i t i a l  damage may have been missed in some of t he  previous 

inves t iga t ions  which relied only on w e i g h t  measurements for 

damage d e t e c t i o n ,  In  Fig, 5 ,  t h e  i n i t i a l  we igh t  loss is clearly 

shown by t h e  i r r a d i a t e d  tracer test as w e l l  as by p i t  counts ,  

I t  is noted t h a t  an  apparent incubation period would r e s u l t  if 

t h e  Hater, rap id  damage por t ion  of the  curve (F igo  6 )  were 

aatzaFolated l f i i ~ ~ ~ l ~  tt Z W ~ .  

ii) Large p i t s ,  i .e, , of t h e  same general  size as t h e  

largest noted i n  any of the  runs ,  are formed with in  the first 

hour or so. (F ig ,  8) 

iii) The weas? rate general ly  tends to increase  w i t h  t im,  

In t h e  present  h v e s t i g a t i o n ,  no l i m i t  to  t h i s  t rend  has  ye3 

!men fe:od. 'Fher:e a r e ,  however, periods of r e l a t i v e l y  short 

dura t ion  during which t h e  wear rate appears to  reach I minimum, 

The above effects are believed more a f u n c t i o n  of t h e  

p rope r t i e s  of t h e  material surface than of t h e  c a v i t a t i o n  COM- 

d i t i o n .  I t  is postulated t h a t  t h e  i n i t i a l  sa.pid wear rate is a 

r e s u l t  of remova:l of surface defects such as Pnclusions or 

other "weak Once t h e s e  r e l a t i v e l y  few "we& spots'' 

have been removed, t h e  wear rate decreases  d r a s t i c a l l y ,  As 

-12- 
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tes t  d u r a t i o n ;  f o r  s t a n d a r d  c a v i t a t i o n  c o n d i t i o n  w i t h  
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Typical cavitation damage on carbon steel, for stand
ard cavitation condition with water. (Specimen 1-19, 
after 3 hours; throat velocity 64.7 ft/sec; x 100.) 
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t h e  test  proceeds, however, t h e  s u r f a c e  tends t o  work-harden as 

the  endurance l i m i t  is approached, In add i t ion ,  as t h e  amount 

of damage increaseso there a r e  flow per turba t ions  due to  the  

damage and add i t iona l  area is exposed. The f i n a l  shape of t h e  

damage-time curve is a r e s u l t  of the i n t e r p l a y  of these various 

inf luences ,  and perhaps of o thers  as y e t  unsuspected, In the  

r e l a t i v e l y  short du ra t ion  tests of  t h e  present  i nves t iga t ion ,  

it is doubted t h a t  t he  feedback between su r face  roughening and 

fluw per turba t ion  is y e t  important. 

Bo 

I t  has been experimentally v e r i f i e d ,  w i th in  the  du ra t ions  

of the present  water tests, t h a t  t h e  s u r f a c e  o u t l i n e  and depth 

of a p i t ;  once famed$ daen not, in general; change during 

subsequent t e s t i n g .  This is i l l u s t r a t e d  by t h e  photomicrographs 

of Figures 9 and 10, showing t w o  p a r t i c u l a r  areas, ope after 15 

hours of testing, and one a f t e r  30 hours,  and both again a f te r  

150 hours. Intermediate durat ion p i c t u r e s  are also a .va i labIe , ( l )  

as are other series taken a t  d i f f e r e n t  locations and on d i f f e r e n t  

specinens. (3) These have not  been included i n  t h e  i n t e r e s t  of 

brevi ty .  They a l l  i l l u s t r a t e  t he  fact t h a t  w h i l e  new p i t s  m y  

be formed i n  t h e  area of an  old p i t ,  t h e  old ones are i n  

genera l  not changed, a t  l e a s t  i n  su r face  appearance, I t  has 

been demonstrated i n  addi t ion,  (3) t h a t  t h e i r  depth p r o f i l e s  

are also unchanged (Fig. I l l e  Also, as previously mentioned 

and as i l l u s t r a t e d  by Fig, 8 ,  t y p i c a l  v*largev' pSts are fssrwd 

as readi ly  e a r l y  i n  t h e  test as l a t e r .  These facts are com- 

s i s t e n t  w i t h  the  assumption tha t  t he  p i t s ,  a t  l e a s t  in t h i s  



Fig. 9 
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(a ) 

(b) 

. -
4!1 __ .y ." 

Development of cavitation damage on type 302 stain
less steel, for standard cavitation condition with 
water. (Specimen 3-5; location (a) after 15 hours; 
location (b) after 30 hours; throat velocity 64.7 ft 
sec; x 100.) 
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Fig. 10 Development of cavitation damage on type 302 stain
less steel, for standard cavitation condi t i on with 
water. (Specimens 3-5; locations (a) a nd (b) after 
150 hours, throat velocity 64.7 ft / sec ; x 100.) 
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F i g .  11 T y p i c a l  P r o f i c o r d e r  t r a c e s  of c a v i t a t i o n  p i t  p r o f i l e s  
showing t h e  unchanged p r o f i l e  of the same p i t  a f t e r  
10 h o u r s  a d d i t i o n a l  t e s t i n g .  (Note  h o r i z o n t a l  s c a l e  
c h a n g e  from 0 . 0 1 0  i n c h / d i v .  t o  0.004 i n c h / d i v ;  v e r -  
t i c a l  scales are 100 m i c r o i n c h e s  p e r  d i v i s i o n . )  

~~ 
~ ~~ 



r e l a t i v e l y  early phase 02 d m g e ,  do not act as nuclei  SOF 

fu r the r  attack, Stat is t ical ly ,  i t  is unl ike ly  t h a t  a second 

large p i t  would overlap a previous one i f  their  loca t ion  is 

e n t i r e l y  random, since i n  the  longest du ra t ion  water runs ,  only 

about 5% of t h e  exposed area has  been aifected.(l) If the  

loca t ion  ie perturbed f rom the  random case by effects upon the 

material, it is l i k e l y  t h a t  the  bias would be such as t o  tend 

to  prevent a second p i t t i n g  of t he  same area because of t h e  

effects of local work-hardening, 

Since t h e  p!ts are not changed after t h e i r  formation, they 

must have been formed in a s ing le  even t ,  i f  not necessar i ly  by a 

s i n g l e  blow, Many of the  p i t s  are v i r t u a l l y  symmetrical craters, 

I t  is inconceivable t o  t h e  writer t h a t  these could have been 

formed i n  other than  a single blow because of t h e i r  symmetry,  

However, thoee 03 i r r e g u l a r  shape could be either t h e  sewLt of 

a single-blow or t h e  curnulative effect of many maker blows 

( f a t igue  f a i lu re ] ,  In any case t h e  a c t u a l  material removal 

must have occursad as a s i n g l e  event ,  or p i t s  would nscessa r i ly  

cont inue  t o  grow a s  exposure t i m e  is increased. 

The above remarks are f u r t h e r  corroborated by the  r e s u l t s  

of the  irradiated specimen run where the  s ize  d i s t r i b u t i o n  of 

t h e  c a v i t a t i o n  damage particles w a s  ac tua l ly  measured (4) 

(Fig. 12). 

would not pass a fi l ter  of about 2 m i l  pore size. 

of course ,  t he  g m a t  maJsrity of particles are then less than 

2 m i l ,  but a s u b s t a n t i a l  number are gseaterO3 

I t  was found t h a t  about 50% of the removed mass 

N\PmerlcalIy, 

"his roughly 

- - _. 

3The largest single-event p i t s  observed in t he  water tests are 

of t h e  order of LO mils. 

-19- 
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F i g .  1 2  P e r c e n t a g e ,  by  w e i g h t ,  of r a d i o a c t i v e  s t a i n l e s s  s tee l  
c a v i t a t i o n  p a r t i c l e s  which  p a s s  t h r o u g h  f i l t e r  vs. 
f i l t e r  p o r e  d i a m e t e r .  



corresponds to t h e  v isua l  observations of pit s i ze  di3tribut:.an0 

c .  -pes of P i t s  

As mentioned b r i e f l y  before, t h e  p i t s  are either approxi- 

mately symwtrical craters, or are characterized by an e n t i r e l y  

irregular contour.  (Figures 8 ,  9, and 10) The proficorder 

traces (3) have shown t h a t  i n  a l l  cases examined t h e  diameter 

to  depth ra t io  is large 

i r r e g u l a r  contour have been called slabs. It is postulated 

(order of 20), Hence t h e  p i t s  of 

t h a t  t h e i r  shape is a funct ion of t h e  i r r e g u l a r i t i e s  of the 

sur face  s t r u c t u r e  (a test wi th  an etched specimen showed, for 

example, t ha t  i n  some cases t h e  p i t  o u t l i n e s  folluwed the  g r a i n  

boundaries) rather than of the f lu iddynamic  parameters. A 

stream veloc i ty ,  Th i s  mechanism w a s  suggested by Boeecher who 

included i n  h i s  paper (5) a p i c t u r e  of such a s lab ,  apparent ly  

ready t o  leave the surface.  This mechanism has  been somewhat 

corroborated i n  the  present  i nves t iga t ion  by t he  following: 

i) In about 90% of the p i t s  examined w i t h  t h e  proficosdes (3) 

(no t r u e  crater has been so examined to  t h e  present)  there is a 

ridge of material on the  downstream edge of t h e  p i t  on ly .  T h i s  

suggests  t h e  pealing away of a slab i n  t h e  downstream d i r e c t i o n ,  

ii) S l i p  lines have been photographed below p i t s  i n  t h e  

present  inves t iga t ion  (1) (Pig. 13) as w e l l  as i n  previous 

inves t iga t ions  (ti and Q for example), ind ica t ing  the  psesencs 

of large mechanical stresseso These have also been indicated 

-21- 
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Fig. 13 Typical section through irregularly shaped pit in 

stainless steel, showing slip lines. (X2000, oil 

immersion, slightly oblique illumination.) 

------ - - -- - --
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elsewhere by X-ray d i f f r a c t i o n  techniques (73 and by $lire use a% 

photoelastic material ( 8 )  , 

I n  a limited number of cases i n  t h e  present  i nves t iga t ion ,  

a very detailed p i t  t abula t ion  has  been made to discover  the 

proport ion of pi433 of the  two types and t h e i r  l oca t ions  as I 

func t ion  of the  various applicable parameters. The results of 

one such t abu la t ion  are presented i n  Table I,  I t  is noted 

genera l ly  that  the craters represent  only 10% t o  20% of the  

to ta l  p i t s  ia these watek  tes ts  w i t h  no d e f i n i t e  t r ends  evident  

w i t h  theosrrlw test parameters. Since p i t s  of t h i s  type are 

presumably formed i n  a single very in tense  blow, it seems 

l i k e l y  t ha t  t h i s  proport ion may increase for conbinat ions 

involving denser f l u i d s ,  more in tense  c a v i t a t i o n ,  OF weaker 

materials. The Sabulations have not as y e t  proceeded far enough 

to draw any conclusions on these matters, 

De P i t  Size Dis t r ibu t ion  

Further re fs rence  to Table I indicates t h a t  t h e  number of 

p i t s  i n  a given size range is always s u b s t a n t i a l l y  increased 

as the  size Under considerat ion is decreased, FOP exmgl f f ,  

there are hundreds of p i t s  i n  t he  range 0,4 to 1.0 m i l s ,  

whereas there arc3 w e l l  less than  1QO i n  either of t h e  larger 

categories ( 5  t o  10 and 2.5 t o  5 m i l s ,  r espec t ive ly) .  The 

large number of pits i n  t h e  r e l a t i v e l y  uncountable snraller 

ranges does not introduce large errors i n  t h e  volume loss 

c a l c u l a t i o n  since t h e  p i t  volume is propor t iona l  to the  diesmeter 

cubed, and even :;he disproport ionate  number of p i t 8  in t h e  

smallest category has only a r e l a t i v e l y  neg l ig ib l e  influence 

on t h e  volume ~ O P S S ,  
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PIT c o w  w u m I o n s +  

Tabulation A 
P i t  count and various sires 

sample no. .... .. .... .4-3 Poliehcd 
surrace 

Sample Posit ion. .  ... .'.Front Numbered Side 

Stan3nrd Cavitation Oppo.1te side 

mroat Velocity. .  . . . . .64.51ps 

Dvration or m....... 150 hre. 

Subtotal 
(2 .ides) 

Total A ~ I  
swram 

sample no. ........... 5-3 Polished 
*race 

8amplc Posit ion. . .  . . . . m ~ k  Aumbered Side 

S t M d u d  C n Y l t B t i O "  Oppomlte side 

M a t  Velocity.. . . . . .64.5Q9. Subtotal 
(2 sides) 

Sample no. ........... 18-3 Polished 

m s t t m  ....... mnt mbered side 

Cavitation t o  nome Opposite Side 

m a t  Velocity. .  . . . . .6k. 5 i p s  Subtotal 
(2  sides) 

Total A l l  Duration of Run.. . . . . .50 hrs. 
surrnce. 

Sample No. ........... 19-3 Polished 
%race 

-le Po8itlon.. .. . ..Back -bored Side 

Cavitation t o  m e  Oppo.ite side 

Ihroat Velocity. .  . . . . .64.51p. Subtotsl 
(2  #Idee) 

Total A l l  Duration Of Pun....... 50 Ius. 
Surracc. 

ToNLLALL4sAMPIzs 

WL 

(10 > D > 5) 

4 cir. 
10.0 

21.75 

18.75 

20.5 

18.4 

15.4 

11.1 

6.3 

7.4 

9.3 

0 

U 

0 

0 

0 

9.1 

5.3 

11.1 

1.1 

8.2 

8.75 

Total 

10 

23 

16  

39 

49 

1 3  

9 

32 

41 

54 

11 

ZY 

1 3  

42 

53 

33 

19  

9 

28 

61  

217 

Tabulation B 
€ittin# mtcn.1ty 

m 

P i t  sire (mila) 

n L 

(5  > D > 2 4 / 2 1  ( 2 4 2  > D > 1) 

% cir. 

23.4 

18.7 

21.1 

19.4 

21.4 

22.2 

21.1 

7.2 

15.2 

17.7 

4.5 

5.0 

9.1 

5.9 

5.4 

17.2 

0 

0 

0 

11.7 

13.9 

Total 

17 

48 

19  

61 

84 

18 

19  

14  

33 

51 

23 

4i, 

Ll 

51 

74 

64 

14  

16 

30 

94 

303 

1 C i F .  

17.33 

16.05 

14.55 

15.45 

16.1 

25.4 

15.9 

10.2 

13.4 

19.k 

6.8 

5.9 

9.1 

7.2 

7.0 

15.0 

9.3 

7.7 

8.7 

12.4 

14.3 

Total  

75 

81 

55 

136 

2 u  

110 

63 

49 

112 

222 

74 

jl 

33 

84 

158  

100 

43 

26 

69 

169 

76a 

Total pit.lin.2 - h?. 

n L 

(10 > D > 5)  ( 5  > D  > 2.5) (2.5 7 D > 1) 

no. Po.. cav. cordit ion v e l .  l x M t i o o  mi. side mi. side mi. side 

4-3 h D n t  S t d u d  64.5Ips 150 hi.. 1.79 0.67 3.05 1.49 13.44 3.04 

5-3 B c k  Standald 64.51ps 150 hrll. 2.33 0.915 3.22 0.74 19.7 2.50 

18-3 h o n t  Cav. t o  Wac 64.5ipp. 50 hrll. 5.91 2.81 12.38 3.41 39.8 5.62 

19-3 mck clv.  t o  noee 64.5rps 50 Iu.. 17.75 1.87 34.4 2.01 53.8 4.62 

Tabulation C 

su==Y 

% cir. Total 
WL 

4-3 Total ~ 1 1  surrace8 18.40 49 

5-3 Total ui &races 9.26 54 

4-3 b 5-3 Total ~11  surhces 13.6 103 

18-3 Tots1 ~ 1 1  surr.Ees 0 53 

18-3 b 19-3 Total All Surfaces L.39 114 

&-3 b 5-3 + 18-3 h 19-3 Total 8.75 217 

19-3 Total ui surraces 8.2 61 

VL 
$ c i r .  Total 

21.40 84 

17.65 51 

20.0 135 

5.4 74 

11.7 94 

8.94 lu8 

13.87 303 

L 
$ cir. mtal 
16.10 211 

19.4 222 

17.8 433 

6.96 158 

12.4 lb9 

9.8 327 

1 4 . 3 4  760 

5 

(1 > D > .4) 

% CiT. 

12.5 

15.1 

4.9 

9.1 

10.3 

25.8 

16.3 

12.9 

lk. 5 

19.2 

15.0 

.- 
A,. , 
u.3 

13.1 

14.0 

10.2 

18.7 

8.6 

14.5 

11.9 

14.1 

mtal 
4(y, 

2 5  

465 

rw 

1190 

480 

320 

350 

670 

1150 

3m 

Sx 

130 

330 

650 

365 

150 

105 

255 

620 

3610 

5 

( 1  > D > .4) 

mi. side 

71.7 19.6 

86.0 14.9 

172.0 22.1 

196.0 17.1 

5 

z cir. 

10.26 

19.2 

14.67 

14.0 

11.9 

13.0 

11.07 

Totnl 

1193 

1150 

2340 

650 

620 

1270 

3b10 



%& appesrs that  pi&s bei:ome :xme and BOW auaerous as $be 

size category is reduced without limit below the 0 , 4 . m i %  limit 

mentioned above, Isuwever, t h i s  is not important fram the  view- 

gsfnt of t h e  volume 1-s ca lcu la t ion .  

E, Tes t  Material Effects  

The tests reported herein mainly involve water, a t  apgroxi- 

mately ambient temperature and a t  close to s a t u r a t i o n  aLs con- 

tent, as the working f l u i d .  In a few caees mercury has been 

used. The test materials have been: 

i) S t a i n l e s s  Steel ( t y p e  302 annealed) 

ii) 1010 Carbon Steel (annealed) 

iii) Aluminum: a) Type 1108-0 (annealed, and b) T y p e  6061- 
nmm#m- om E Am\o&-i)a-o i, gge-hardaisd) 

i v )  P l ex ig l a s  (polymethyl methacrylate1 

Mechanical p rope r t i e s  of the tested materials are listed i n  

Table PI, 

On a l l  these materials the  general  appearance 03 the p i t -  

t i n g  is similar, There a re ,  however, s i g n i f i c a n t  dizfesences 

between rates of p i t t i n g .  

steel, there is s i g n i f i c a n t  cor ros ion  i n  addi t ion  to t h e  neeha- 

nicaP p i t t i n g .  The damage rates for t h e  s ta inless  steel and 

carbon steel are of the same order of magnitude, w i t h  the 

volume loss of the carbon steel being about twice t h a t  of th+ 

s t a i n l e s s ,  prior t o  that period where c o s m s i s n  becomes very 

significant (about 23 hours), In mercury the rat20 i s  sf the 

order of 4 at 20 hours but only 513 a t  IO0 hourss  based on two 

specimens of each mater ia l .  

A l s o ,  in t h e  case of the carbon 
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“ b e  damage pato %as the age-hardenitd aalwia-w is euoz-mtu~., 

compared t o  t h a t  of t he  s t e e l s ,  In f a c t  ‘the volume B0ss from 

the  aluminum i n  a five-minute test is of the order of 1,s times 
t h a t  of the  carbon steel for an hour test under t he  same f 1 - 0 ~  

conditions, a l though,  as shown i n  Table I I p  t h e  hardnesses and 

s t r eng ths  me roughly the same. No exglanathon for these some- 

what  su rp r i s ing  r e s u l t s  is avai lab le  a t  present .  No quanti-  

t a t i v e  test of the  soft aluminum has  been made, although it w a s  

noted genera l ly  t h a t  its p i t t i n g  rate w a s  many t i m e s  t h a t  0% 

t h e  age-hardened aluminum. 

The p lex ig la s  was surpr i s ing  i n  t h a t  its res i s t ence  to 

damage i n  the  water tests was very high,  supe r io r  even to t h e  

steels. Although no quan t i t a t ive  tests were made w i t h  plexi-  

glas i n  water, it w a s  noted t h a t  v i r t u a l l y  no v i s i b l e  p i t t i n g  

xcurred QE the w a l l s  of the giexigias veaturi u23er tUiiiGreGo 

of hours of exposure, and t h a t  a p l ex ig l a s  damage specimen, 

i n  a r e l a t i v e l y  short tes t ,  showed considerably less p i t t i n g  

than t h e  s t a i n l e s s  steel under t h e  same c~ndi t ions,  1.0; w a s  

felt  t ha t  t h i s  r e l a t i v e  immunity t o  c a v i t a t i o n  damage probably 

r e su l t ed  from t h e  IQW elastic modulus (about 1/70 t h a t  0% 

steel, Table 111, ccmbined wi th  r e l a t i v e l y  high s t r e n g t h  

(about 1/5 of carbon steel), i n  t h a t  r e l a t i v e l y  very large 

de%lec t ions  would be required t o  cause t h e  material strength 

t o  be exceeded, Since the high-pressures generated by colkaps- 

ing  bubbles are extremely local  i n  nature ,  such de f l ec t ions  

might remove t h e  material from t he  c r i t i ca l  area, A s i m i l a r  

argument has been applied previously to expla in  the  relative 
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:immunity 09 surfaces coaged w i t h  rubber or wklaea elsaoteiimria 

materials (9, for example), However, t h e  volrme loss for 

g lex ig la s  tested in mercury w a s  found t o  be greater than t h a t  

of carbon steel by a factor of about 10. The reason for t h e  

inconsis tency of the results between water and mercury is not 

a t  present  known. 

F, Fluid Ef fec t s  

Only two f l u i d s  have been involved so far :  approximately 

ambient temperature water, and mercury. Wheroas an i n i t i a l  set 

of water runs has been completed, t h e  i n i t i a l  mercury tests are 

still i n  progress. However, certain s i g n i f i c a n t  trends are 

evident  , 
a \  m- -An- -n+ A! A M U  UGLLA &are = i t h  %=-%=- is zppa=en%%g severgl 

orders of magnitude greater than tha t  wi th  water, 

t h e r e  is some uncertainty regarding the  exact  ra t io  for any 

given test s i n c e  the weight losses w i t h  mercury are large 

A* present  

enough for direct measurement w i t h  good preciuion,  w h i l e  those 

w i t h  water were no t ,  so t h a t  t h e  somewhat tentrous ca l cu la t ions  

based on p i t  tabula t ions  were necessary. Although the  irra- 

diated specimen test w i t h  rater is a form of direct mea sur^- 

went , there are var ious p o s s i b i l i t i e s  of s igax f i can t  error 

which cannot be evaluated u n t i l  addi t iona l  terits are made. 

Hence a precise comparison is not  possible u n t i l  t h e  test pro- 

cedures  have been developed t o  better prec is ion ,  and t h e  pi4 

count data obtained w i t h  mercury have been reciuced and csqarsd  

w i t h  t h e  direct weight losses, However, a '%$(?st guess" Camage 

ra t io  between mercury and water damage rates r . t  aggroxiaatcly 
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t h e  same fluid-dynamic conditions is t h e  order of 90, Enci- 

den ta l ly ,  because of its a b i l i t y  to  produce damage rapidly,  

mercury is a very use fu l  cav i t a t ion  damage test f l u i d .  

ii') Tbe type of pitt ing encountered w i t h  mercury and water 

is general ly  similar. HQllever, t h e  mercury test series and t h e  

examination of t h e  data produced are not s u f f i c i e n t l y  advanced 

to all- more detailed conclusions. 

6,  Flow Parameter Effects 

The flow parameters which have been var ied s i g n i f i c a n t l y  

i n  the  present  tests are cav i t a t ion  condi t ion and throat 

ve loc i ty .  Their effects are discussed below, 
4 1, Cavi ta t ion  Condition 

:&epe..;IPnt & threat Feawiey egv$&at$Qn cQiiGgtion 

("degree of cavi ta t ion")  can be varied from "zero cavi ta t ion"  

through i n i t i a t i o n  t o  fully-developed condi t ions ( F i r s t  , and 
"Scoad Mark), wherein the  region of v i s i b l e  c a v i t a t i o n  temi- 

nates considerably downstream of t h e  trailing edge of t h e  test 

specimen. F'rm t h e  viewpoint of c a v i t a t i o n  damage, t h e  sig- 

n i f i c a n t  difference between these condi t ions is t h e  pressure 

e x i s t i n g  in t he  v i c i n i t y  of the  test specimen. As t h e  degree 

of c a v i t a t i o n  is adjusted toward the  more developed condi t ions ,  

t h e  pressures  in t h e  v i c i n i t y  of t he  test specimen decrease, 

eventual ly  reaching values  c lose  t o  t h e  vapor pressure,  Such a 

d i r e c t i o n  of adjustment r e s u l t s  in t w o  d ive r se  t rends :  

i) The number of bubbles in t h e  v i c i n i t y  of tbe test 

'Eeiined i n  append!-x. 
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SW3ClEM3n increases 86 the degree oi c a v i t a t i o n  is 

increased 

The dr iv ing  preseure d i f f e r e n t i a l  for bubble csllagse 

decreases. 

i n  Fig. 14 for a l l  the c a v i t a t i o n  condi t ions , )  

ii) 

(Typical axial  pressure profiles are shown 

When the  degree of cav i t a t ion  for the  water tests is 

reduced t o  V i s u a l  i n i t i a t ion t1 ,  for example, them is no cavi-  

t a t i o n  v i s i b l e  on the test specimen. However, small, local 

c a v i t a t i o n  regions, induced by the test sgecimen itself must 

ex i s t  s i n c e  t h e  damage i n  t h i s  condi t ion is s i g n i f i c a n t .  Thus 

it appears t h a t  a small number of highly energetic bubble 

co l l apses  can be more harmful than enormously greater numbers 

of less energe t ic  bubbles, This trend is f u r t h e r  evidenced by 

t h e  fact  t h a t  very l i t t l e  damage is sustained when t h e  cavi ta -  

tion region e n t i r e l y  envelopes t h e  test specianen, On the axher 

hand, "sonic i n i t i a t i o n " ,  wherein no c a v i t a t i o n  is v i s i b l e ,  also 

produces very l i t t l e  damage. 

d i f f e r e n t i a l  is ava i l ab le  in the v i c i n i t y  of t h e  test specimems 

for bubble co l l apse ,  too few bubbles for s i g n i f i c a n t  damage 

penet ra te  far enough,) Final ly ,  i f  t he  throat pressure is 

raised considerably above t h a t  corresponding eo sonic ilaieia- 

&ion t h e  p i t t i n g  rate is reduced another  order of magnitude 

(apparently pure e ros ion  from single-phase flow also produces, 

p i t t i n g  of similar appearance, but  in considerably reduced 

quantBty) e These r e s u l t s  are i l l u s t r a t e d  graphically for water 

i n  Fig. 15. 

(Even though a large pressure 

Although not j e t  e n t i r e l y  evaluated,  the  r e s u l t s  with 

mercury appear d i f f e r e n t  i n  t h a t  the bubbles do not penetrate  
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so far into tho high pressure regions, For example, soaic and 

v i s i b l e  i n i t i a t i o n s ,  and even c a v i t a t i o n  t o  t h e  specimen nose, 

produce r e l a t i v e l y  l i t t l e  damage, so t h a t  the  m a x i m u m  damage is 

produc0d by the r e l a t i v e l y  r e l l 4 e v e l o p e d  conditions of s tand-  

ard and first mark. These r e s u l t s  are shown for a typ ica l  case 

in Fig. 16. The reason for t h e  inconsistency i n  t h i s  respect 

between water and mercury will have t o  await a theoretical 

ana lys i s  of the  applicable bubble mechanics problem, which is 

present ly  being attempted. 

2, Throa t  V e l o c i t y  

Throat ve loc i ty  for either f l u i d  has been var ied over a 

The effects upon wear have not been as factor of about t w o .  

great for any of t he  materials as expected judging from t h e  

observat ions of previous inves t iga tors  (for example, t he  

approximate 6 t h  power effect' observed by h a p p  <IO> and 

others (11, 12, 13)). Bowever, it is not obvious t o  t he  writer 

t h a t  In an arrangement such as the  ven tu r i  of the  present  

r; 

tests, an increase of throat ve loc i ty  should correspond t o  a 

large increase in damage, unless  the  pressures  in the  v i c i n i t y  

of the  test specimen are also s u b s t a n t i a l l y  increased,  without a 

corresponding dimunition i n  the number of bubbles. The f u l f i l l -  

ing  of these condi t ions  is of course 8 funct ion of the degree 

of c a v i t a t i o n  used. 

flow arrangement whereby the throat ve loc i ty  affects damage 

rate is ne i the r  clear nor simple. 

In any case t h e  mechanism in t he  present  

'Assuming Damage =?T 
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The ava i l ab le  coapparisons from t he  present tests with 

water shaw a maximum velocity-damage exponent of about 4,9 for a 

12-hour teat  of s t a i n l e s s  steel for s tandard cav i t a t ion .  Other 

exponents obtained are : 

i) 3,9 for a 3.5 hour test under the  above conditions 

11) 2,4 for a 1.0 hour test of carbon steel 

iii) 1.7 for a SmInuts test of age-hardened aluminum, 

It I s  noted that a l l  t h e  present ly  ava i l ab le  tests are for 

standard c a v i t a t i o n ,  wherein t h e  pressure in the  v i c i n i t y  OS 

t h e  test specimen is r e l a t i v e l y  moderate for a l l  velocities 

(Fig. 14). 

be observed if a less-developed c a v i t a t i o n  condi t ion ,  w i t h  

h&gher and more velocity-dependent test specimen pressures 

had been used. 

I t  may w e l l  be that  greater ve loc i ty  effects would 

The damage-exponent is plotted i n  Fig, 17 against test 

durat ion.  It is noted tha t  a very smooth curve r e s u l t s  even 

though the  materials used fo r  each dura t ion  (except t h e  two 

longer) are d i f f e ren t ,  Whether or not t h i s  r e s u l t  is purely 

coinc identa l  is not presently known, Further  corroborat ion 

from add i t iona l  tests must be awaited. 

The preliminary data from t h e  mercury tes t s  do not  indicate 

even as great a ve loc i ty  effect as t h a t  found wi th  rater, 

However, more precise conclusions are not y e t  possible. 

There is no indicat ion i n  the  present  tests of the e x i s t -  

ence of a threshold veloci ty  as sanetimes reported in the 

past (11, 313, 14). However, the v e l o c i t i e s  have not been 

carried low enough so that  d e f i n i t e  s ta tements  in t h i s  regard 

can be made. 
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TEST DURATION - HOURS 

F i g .  17 Value of exponent, n ,  v s .  test durat ion,  for severa l  
specimen mater ia ls  i n  water.  



IV Discussion 02 Results 

I t  is poss ib le  to obtain f a i r l y  comprehensive r e s u l t s  i n  

an  inves t iga t ion  similar t o  t h a t  described he re in  by t e s t i n g  a 

v a r i e t y  of materials w i t h  d i f f e r e n t  f l u i d s ,  and under d i f f e r e n t  

fluid-dynaraic conditions, However, some unifying hypothesis or 

c o r r e l a t i n g  Pethod is required to bring order ou t  of t he  olher- 

wise somewhat chaotic conditions which r e s u l t .  A bubble energy 

quantum approach was previously suggested by the writer for t h i s  

purpose. (a ,  151' 
A hypothesized bubble energy gaantuan spectrum is s h o w  in 

Fig. 18 i n  a shape suggested by the  data and the  e x i s t i n g  

knowledge of bubble dynamics, The o rd ina te ,  n(E) , is the  number 

' of bubbles from those " in  the  vicbni ty"  of t h e  damage specimen 
I 

which d e l i v e r ,  upon their collapse, an energy quantum, E, %o t h e  

su r face  of the spwimea. ~ % C ~ S S G  is E, +,he esergy nnan+mm 

The shape of any of t h e  individual  curves  is a funct ion of the  

c a v i t a t i o n  condi t ion ,  which is thus  the  parameter d is t inguish-  

ing t h e  d i f f e r e n t  curves  ., Generally , t h e  hypothesized curses 

show a maximum number of bubbles of r e l a t i v e l y  s m a l l  energyp, and 

increas ingly  smaller numbers of more ene rge t i c  bubbles, The 

curve shape could b8 quan t i t a t ive ly  inves t iga ted  by using high- 

speed motion p i c t u r e s  t o  de l inea te  t h e  bubble-size spectrum9 

and by using bubble-dynamics s t u d i e s  t o  compute t h e  energy 

quantum de l ivered  t o  t h e  surface per bubble, under the  knmh 

e x t e r n a l  pressure conditions (corresponding to  t h e  c a v i t a t i o n  

condi t ion  and t he  t h r o a t  veloci ty)  

A s  the c a v i t a t i o n  condi t ion becomes leas fully-developed, 

'A, model which is somewhat similar has  also been previously 
proposed by Rao and Thisuvengadaa (161, However, t h e  concep- 
tions ware independent ST 
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F i g .  18 Hypo thes i zed  b u b b l e  ene rgy  spectra f o r  v a r i o u s  
c a v i t a t i o n  c o n d i t i o n s  a t  a c o n s t a n t  v e l o c i t y ,  fo r  a 
g i v e n  material. P resumab ly ,  c u r v e s  a t  h i g h e r  v e l o c i t y  
are g e n e r a l l y  s i m i l a r ,  b u t  a t  h i g h e r  n (E)  and E. The 
q u a n t i t y  n (E)  = number of b u b b l e s  from those " i n  
v i c i n i t y "  of damage spec imen which  d e l i v e r  a n  e n e r g y  
quantum E t o  t h e  s u r f a c e  o f  t h e  s p e c i m e n ,  and E = 
e n e r g y  d e l i v e r e d  by a n  i n d i v i d u a l  b u b b l e  t o  t h e  
s u r f a c e  of t h e  spec imen.  



the total number of bubbles decreases, but t he  number a t  rela- 

t i v e l y  high energy increases ,  a t  least u n t i l  t h e  c a v i t a t i o n  

condi t ion  is reduced t o  a minimum. This is i l l u s t r a t e d  by t h e  

curves (Fig. 181 the  arrangement of which was guided by 

t h e  rater damage results, shoring a uxlmum of damage for  cavi- 

t a t i o n  t o  m8e and v i s i b l e  i n i t i a t i o n ,  and a minirum for s o n i c  

i n i t i a t i o n  and first mark ( t h e  condi t ion for -10 c a v i t a t i o n  

would, of course,  correspond to  t h e  8bscissa). 

It is assumed t h a t  a t  least a minimwn energy quantum, E, 

is required t o  produce any damage. (The su r face  stress must a t  

least  exceed the  endurance liait.) Hence, a threshold va lue  for 

E is shown, which is obviously a func t ion  of t he  test material. 

(For harder and/or s t ronge r  mater ia l s  t h i s  threshold would move 

t o  t he  r ight . )  A second threshold,  f u r t h e r  t o  t h e  r i g h t ,  is 

shown for  single-blow damage (corresponding to the  crater-typz 

p i t s ) .  Tho t o t a l  amount of damage which occurs  in t h e  form of 

slabs or craters respec t ive ly ,  is proport ional  t o  t h e  i n t e g r a l  

under t h e  applicable curve to t h e  r i g h t  of t he  applicable threshold ,  

While a set of curves as described above would only be 

applicable to  a given f l u i d e  and flow geometry, i.e. for example, 

a v e n t u r i  af a given design, t h i s  approach appears t o  t h e  writer 

t o  present  a p o t e n t i a l l y  extremely usefu l  method for  eorrelat- 

ing c a v i t a t i o n  damage r e s u l t s .  This general  type of behavior 

is also evidenced by tests w i t h  magnetostr ic t ion devices  

reported by Nowotny (17) in rh i ch  the  f l u i d  temperatare is 

var i ed  ovei* t h e  range between ao ldd i f i ca t ion  temperature and 

6For examp:!e, similar curves  fo r  mercury (rather than water) 
would probably be displaced to  t h e  r i g h t ,  i o e e g  to t h e  h ighe r  
energy range. 
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b o i l i n g  temperature a t  a constant pressure ,  It is found t h a t  

the damage reaches a maximun a t  86118 temperature w e l l  below t h e  

b o i l i n g  temperature (as low as 50° C for atmospheric pressure 

i n  some of NmotnyOs work). Presumably, a t  tempera tures  near 

t h e  boiling temperature there are very many bubbles but t he  

co l l apse  energy is s m a l l ,  so that the damage is s m a l l ,  A t  

P o w e r  temperatures, there are fewer but more ene rge t i c  bubbles 

w i t h  r e s u l t a n t  increased damage. As t h e  temperature is reduced 

still f u r t h e r ,  t he  energy of t h e  ind iv idua l  bubbles cont inues 

t o  increase, but the number of bubbles becoores ex t r eae ly  s m a l l ,  

so t h a t  the re su l t an t  damage decreases, 

v conclusions 

A f a i r l y  comprehensive set of c a v i t a t i o n  damage data 

obtained i n  a flowing system (ventur i )  over a r e l a t i v e l y  wide 

range of appl icable  parameters has been presented. 

COreClUSiOnS r e p r d i n g  the effects of the v a r i a t i o n  of the 

d i f f e r e n t  par-ters are pointed ou t  and discussed i n  t h e  body 

Detailed 

of the paper, F ina l ly ,  a c o r r e l a t i n g  m o d e l  t o  i l l u s t r a t e  t h e  

effects of these d i f f e r e n t  parameters is suggested,  

It i s  apparent f r a  al l  of the  above t h a t  much work y e t  

remains to be accompli~hed i n  this f ie ld  before it rill be 

poss ib l e  to prediet w i t h  m y  degree of c e r t a i n t y  the c a v i t a t i o n  

damage t o  be sus ta ined  In various f l u i d  flw components under 

appl icable  operating canditions. However, i n  t he  nr i terws 

opinion,  t h i s  does not appear to be an impossible ob jec t ive ,  

and, in fact, considerable progress taaard a t t a i n i n g  it is 

being made 
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SP cific 

APPErnHX 

tion of Cavitation Conditions 

The cavitation condition for all teste is defined in $ e m  

of "degree of cavitation", referring (except for initiation) to 

the extent of the cavitating region. 

Sonic Initiation - First sonic manifestation beyond 
*hat of single phase ilaa. This w a s  detected either 

by ear or electronically using a piezoelectric crystal, 

The results of these two methods were approximately 

the sameo In all cases, sonic initiation occurred 

at a higher throat pressure than visible initiation, 

Visible Initiation - First appearance of a more or 

lees ccmplete ring of cavitation. This always appears 

first at the throat exit, 

Cavitation to Nose - The approximate location of the 
termination of the Cavitation region is at the upstream 

nose of the test specimen. 

Standard - The approximate locatllon of the termination 

of the cavitation mgfon is at the center sf the tes t  

spec imsn e 

First Mark - The approximate location of t b  tsssgina- 

tion of the cavitation region is about P 344 inches 

from the throat outlet. 

v i )  Second Mark - Same as first mark, but at 34 inches,  
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vii) Cavitation ta back end - the approxi~at0 loeation of 

the termination of the cavitation region is at t h e  

downstream end of the test specimen. 

The location of these termination points is shown in 

Fig, 2. Although the termination is not sharp, the cavitation 

conditions can be quite precisely reproduced 

-43a- 


